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Abstract
Photonic bandgap fibres are among the most innovative developments of optical fibre
technology in recent years. In these fibres light can be guided in a hollow core as a
consequence of a bandgap effect, allowing for very weak interaction of the guided mode with
the fibre structure. This opens the possibility for lower losses and nonlinear effects, and
higher damage thresholds, than in conventional fibres. This paper presents the design and
fabrication of photonic bandgap fibres for high power beam delivery applications at
wavelengths of interest for electro-magnetic remote sensing.
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Introduction
Photonic Bandgap Fibres (PBGFs) are a
novel class of microstructured fibres where
light guidance is achieved through a
radically different mechanism than in the
conventional fibres. Rather than relying on
the refractive index difference between core
and cladding, bandgap fibres exploit the
occurrence of optical bandgaps in a
perfectly periodic dielectric structure (i.e.,
the array of holes shown in fig. 1). Here,
transverse propagation of certain
wavelengths is suppressed, and light is
therefore effectively confined in the central
core [1]. As bandgaps can only exist at
defined optical wavelengths, PBGFs are by
nature narrowband, i.e. they can only
transmit over fairly narrow regions of the
spectrum. More importantly, because the
core of PBGFs is not required to have a
higher refractive index than the cladding,
propagation can take place in an air core.
Since most gases, including air, have
intrinsically lower values of optical
attenuation and nonlinearity, and a higher
damage threshold than silica glass, hollow
core PBGFs have potential to better
conventional fibres for a range of practical
applications [2]. One obvious application of
PBGFs is the delivery of high-power
diffraction-limited laser beams, which is
severely limited in conventional fibres due
to nonlinear effects and material damage.
An even more intriguing possibility is to
obtain fibres transmitting beyond silica’s
own transparency window; low loss
bandgap fibres are feasible using materials
that are not transparent at the operating
wavelength, as recently demonstrated in the
so-called omniguide fibres for CO2 laser
transmission at 10.6m [3].
Within the EMRS-DTC project “Photonic
Fibres for Active Sensor Systems”, the use
of bandgap fibres is proposed to provide
1m pump beam delivery to an optical
parametric oscillator (OPO). This
demonstrator is chosen to highlight the
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power handling performance of PBGFs in a
‘real’ application. In addition, the project
aims to assess bandgap fibre technology for
beam delivery at other wavelengths of
interest for remote sensing applications,
specifically in the mid-IR region. This
paper is concerned with the design,
fabrication and basic characterisation of
PBGFs for both 1m and mid-IR
wavelengths.
Fabrication of Photonic Bandgap Fibres
Photonic bandgap fibres are produced by
the stack-and-draw technique. An array of
silica capillaries and rods is assembled into
a stack with the required geometry. The air
core is formed by removing a few elements
from the centre of the stack. Various lattice
structures and fibre core designs can be
realised  using  this  technique.  The stack is
(a)
(b)
Figure 1. SEM micrographs of an air-
guiding photonic bandgap fibre
then inserted into a jacketing tube and the
resulting ‘preform’ is drawn into a fibre.
Despite the fact that the pitch of the
periodic structure in the final fibre is only a
few m, a very high air filling factor is
required for low-loss silica PBGFs (fig. 1).
In the most common design, air holes are
arranged in a close-packed triangular
lattice, and the core is composed of seven
missing elements and is surrounded by 7-8
rings of holes. Fibres with bigger cores (19
elements) are also possible [4].
Fabrication of PBGFs is considerably more
challenging than conventional fibres,
however dramatic improvements have
recently been obtained, and low loss PBGFs
can now be produced in practical lengths.
Modeling of Photonic Bandgap Fibres
Due to their structural complexity, design is
a paramount aspect of PBGF technology.
The fibre properties (including position of
the bandgap, bandwidth and transmission
loss) are strongly dependent on the fine
details of the fibre structure [5]. In
particular, it is essential to consider the
hole-to-hole spacing or pitch of the lattice,
, the air filling factor, and the core shape.
Silica PBGFs require an air filling factor of
75% or higher [6], which causes the holes
to become hexagonally distorted (fig. 1b);
consequently, the air filling factor depends
both on the edge-to-edge distance, d,
(usually expressed through the d/ ratio),
and on the curvature at the hole corners.
The shape of the silica-air interface at the
core also impacts the fibre transmission as
it affects the mode overlap with the solid
structure and it may lead to the existence of
surface modes [7].
The ORC routinely uses a range of
commercial and in-house developed
software packages to predict the fibre
properties. Finite element-based methods
have proved the most flexible and reliable.
Both direct and inverse studies are feasible.
In direct studies an idealised fibre structure
is    considered,    and    the    corresponding
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Figure 2. Inverse design of a PBGF operating
at = 1m.
bandgap maps and modal properties
(confinement loss, effective area, etc.) are
calculated. In inverse studies, on the other
hand, digitised versions of scanning
electron microscope (SEM) images are used
to determine the properties of real fibres.
Inverse studies are a very powerful tool to
account for the tolerances in the fibre
structure that inevitably arise from the
fabrication process.
Fibres for 1m transmission
PBGFs suitable for 1.06m operation were
fabricated. Fibre samples are displayed in
fig. 1 and 2. Fig. 3 shows the transmission
spectrum of a 40m length of fibre, having a
bandgap centred at 1.06 m with a 3dB-
bandwidth of approximately 100nm. These
fibres also show higher order gaps at
shorter (visible) wavelengths. The fibre in
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Figure 3. Transmission of a PBGF designed
for 1.06m operation (30m length)
Figure 4. Mode profile @ 1.06m
of 0.94, corresponding to an air-filling
factor of approximately 86%.
Although PBGFs can in general support
more than one mode, the fundamental mode
can be selectively excited under optimised
launch conditions; the mode profile shown
in fig. 4 demonstrates the near-gaussian
output from one of our fibres. From far-
field divergence measurements at 1.06m, a
numerical aperture of 0.15 and effective
mode area of 25m2 were determined; the
two properties are weakly dependent on the
wavelength within the bandgap, as verified
both experimentally and through modeling.
The transmission loss of our fibres,
measured using a white light source and the
cutback technique, is in the range 0.2-0.3
dBm-1. Such loss is attributed to scattering
from surface roughness at the silica/air core
interface and to longitudinal variations of
the fibre geometry. Based on our
calculations, the confinement loss only
gives a minor contribution (10-2 dBm-1).
The fundamental loss limit for this type of
structure is believed to be about 0.06 dBm-1
at 1m [8]. Very relevant to power delivery
applications is also the sensitivity of the
fibre loss to bending. We confirmed that
PBGFs are virtually bend-insensitive, as no
appreciable variation of the fibre
transmission could be measured for bending
radii down to 1cm [9].
It has been observed [8] that PBGFs with
bigger cores (19 elements) can achieve
lower optical loss that 7-elements core
PBGFs, but unfortunately this is
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accompanied by a higher modal content,
and higher bending loss, which is
undesirable for our end application.
The mechanical strength of PBGFs depends
on the thickness of solid silica jacket
surrounding the hollow cladding region, but
they can generally be handled as ordinary
fibres and cleaved using commercial fibre
cleavers. Furthermore, they can be spliced
to conventional silica fibres with splicing
loss of the order of 1dB. The end faces of
PBGFs show ageing when exposed to open
atmosphere for several hours, due to
condensation of water droplets and
contamination from dust particles. The use
of these fibres in practical devices thus
requires the application of appropriate
technical solutions to overcome this
problem, such as sealing or encapsulating
the fibre ends. A more detailed analysis of
the effect of environmental exposure on our
fibres is given elsewhere [9].
Design of mid-IR PBG Fibres
As stated above, the wavelength region
from 3 to 5m is very relevant to a number
of applications such as chemical and
biological sensing, targeting and threat
detection. We investigated the feasibility of
silica PBGFs for the delivery of mid-IR
light. Transmission of standard fibres, due
to the high loss of silica, is limited to 2m
for many practical purposes. In PBGFs,
however, the light is almost entirely
localised in the hollow core; if suitable
structures could be identified where the
overlap between the guided mode and the
solid silica regions is sufficiently low,
transmission at mid-IR wavelengths should
in principle be possible even in the presence
of a high material loss.
The optical attenuation of silica in the
wavelength region beyond 2m is
determined by fundamental vibrational
absorption, and by OH absorption [10].
This makes low-OH grade silica (such as
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Figure 5. Mid-IR loss of Suprasil F300 [10]
choice for PBGFs designed for mid-IR
transmission. As seen in fig. 5, the loss
increase is approximately exponential with
increasing wavelength, as expected for the
“multiphonon edge” [11]. We identified the
region between 2.9 and 3.45m as the ideal
target for the present study; here silica loss
is not prohibitively high (50dBm-1) and
only weakly dependent on wavelength.
From a modeling point of view, the main
difference between mid-IR and near-IR
operating PBGFs is that material effects
have a much larger impact on the properties
of the former. Silica loss is very low in the
near-IR, therefore it can be omitted from
the models without affecting the accuracy
of their predictions, in order to speed up the
calculation. This is not the case for mid-IR
wavelengths, where material loss needs to
be included in the calculations and its effect
carefully evaluated.
Besides the loss, the material dispersion
also needs to be taken into account. For
near-IR fibres a fixed value of refractive
index is generally assumed, leading to the
following scaling law:
cost0  (1)
where 0  is the central wavelength of the
bandgap,  is the lattice pitch and the value
of the constant depends on the air filling
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factor and on the hole shape. Due to
material dispersion, however, if the simple
scaling law (1) was applied to obtain the
design of a mid-IR structure from a near-IR
operating fibre, large errors would result.
Fig. 6 shows the calculated 0
dependence for a PBGF structure with
d/=0.95 and an air filling factor of 90%,
with and without accounting for the
material dispersion; the two curves differ
significantly for 0 >2m. When the
material dispersion is included in the
model, a lattice pitch from 6.5 to 7.5m is
found to correspond to an operating
wavelength of 3m, depending on the value
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Figure 6. Central wavelength of bandgap vs
pitch with and without accounting for the
dispersion of silica.
Fabrication of mid-IR PBG fibres
Fig. 7 shows a bandgap fibre designed for
transmission at 3m. The fibre has a lattice
pitch, , of 6.45m, a d/ of 0.94 and an
air filling factor of 88%. The fibre has a
seven point core defect surrounded by
seven complete rings (plus one further
incomplete ring) having excellent
geometry; the region composed by core and
cladding measures about 110m across,
while the fibre diameter is 340m. This
value of fibre OD is regarded as close to the
maximum practical for installing fibres into
a platform, where bend radii of 25-50mm
are  typically  required.  It is  clear  that  the
Figure 7. PBGF designed for transmission @
3m
constraint on the fibre OD will ultimately
pose a limit on the maximum number of
rings of holes that can be obtained in a
practical structure, with an impact on the
mode confinement and ultimately on the
fibre loss; this factor becomes more and
more limiting as longer operating
wavelengths are targeted.
Broadband transmission measurements
using an FTIR were hindered by poor signal
to noise due to the low launch efficiency
achieved; fibres will therefore be evaluated
using the tuneable OPO which has been
setup as a part of this project by BAE-ATC.
We performed an inverse design study,
using the finite-element method, in order to
calculate the fibre properties of the fibre
shown in fig. 7. The details of the study are
shown in fig. 8a, where a magnified image
of the real fibre and the digital
representation used for the calculation are
superimposed. The predicted fibre loss is
shown in fig. 8b. The dashed trace is the
pure confinement loss of the fibre , showing
that the structure should support a bandgap
centred at approximately 2.95m. The
continuous trace is the fibre loss obtained
by including a material loss of 50dB/m in
the calculation. The result clearly indicates
that the bandgap is preserved, and the
predicted fibre loss is of the order of
1dBm-1.
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(a) (b)
Figure 8. Inverse design study of PBGF
designed for 3m operation
Conclusions and future work
This paper has presented the design and
fabrication of photonic bandgap fibres for
the 1m and 3m wavelength regions.
Fibres with excellent structural properties
have been fabricated for both wavelengths.
PBGFs operating in the 1-1.1m waveband
have been characterised in terms of
transmission loss, mode area, numerical
aperture and critical bending radii. Inverse
design studies of the properties of PBGFs
designed for mid-IR operation have shown
that the bandgap is preserved when the
material loss is accounted for.
In the next year, it is planned to investigate
photonic bandgap fibres for transmission in
other wavelength regions and in particular
1.5-2.5µm. This work will enable photonic
bandgap fibre technology to be assessed to
some degree for most wavelength regions
of interest for electro-magnetic remote
sensing. Particular applications of interest
are likely to be active imaging and
platform-borne active sensors. Fibres will
be fabricated by the ORC and supplied to
BAE-ATC for application focused
characterisation.
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